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ABSTRACT
Measurements of mean flow transport boundaries in a

realistic urban canopy model are conducted using magnetic
resonance imaging (MRI) techniques. A transport bound-
ary is defined as a ridge of the Finite Time Lyapunov Expo-
nent (FTLE) field computed using the mean velocity. It is
found that ridges of the backwards FTLE field, which iden-
tify hyperbolic manifolds exhibiting exponential convergence
of fluid trajectories, act as barriers to scalar transport. The
MRI measurements enable the three-dimensional characteri-
zation of transport boundary topology and explain observed
cross-wind and vertical scalar transport behaviour. Despite the
fact that the FTLE field only guarantees negligibly small mean
scalar flux perpendicular to the ridge, the structures appear re-
markably robust to turbulent mixing. By contrast, the forwards
FTLE field, which describes exponentially separating trajec-
tories, does not inhibit turbulent mixing. This observation is
explained by analyzing a simple cellular flow field with both
stable and unstable manifolds.

INTRODUCTION
Understanding and predicting turbulent scalar dispersion

from street-level sources within the urban canopy is important
for determining emergency response, assessing air quality, and
providing input to neighborhood and regional scale pollution
models. Flow within the canopy is governed by mechanical
dispersion due to the mean flow around buildings and turbulent
dispersion (Belcher, 2005). The flow topology is fundamen-
tally three-dimensional (3D) and characterized by interacting
separation bubbles, convergence zones, and non-equilibrium
boundary layers (Britter & Hanna, 2003). These features rep-
resent a significant modeling challenge. Laboratory, field data,
and high-fidelity simulations have demonstrated non-intuitive
plume spread, including up-wind or cross-wind transport and
sharp variations in concentration across street intersections
(Carpentieri et al., 2012). For instance, Homan et al. (2021)
describe the interaction of a plume with a 3D urban canopy
flow and observe plume displacements larger than the geo-
metric footprint of various buildings. We hypothesize that

non-intuitive plume spread is enhanced by mean flow trans-
port boundaries, defined as topological surfaces of the flow
field that inhibit scalar transport perpendicular to the bound-
ary. However, these structures are poorly quantified due to
limitations of conventional optical- and probe-based measure-
ment techniques.

Experimental advancements using magnetic resonance
imaging provide 3D, three-component velocity and passive
scalar concentration data on volumetric Cartesian grids (Elkins
& Alley, 2007; Banko et al., 2020). These data allow for the
quantitative evaluation of flow within complex geometries at
millions of points without the need for optical access. The
techniques have recently been applied to urban canopy flows
(Shim et al., 2019; Homan et al., 2021), and bridge a gap be-
tween conventional lab data in idealized urban settings and
field data at sparse measurement locations.

Transport boundaries have been previously extracted for
oceanic, atmospheric, and biological flows, among others.
They are based on the theory of Lagrangian Coherent Struc-
tures (LCS), which separate the flow into materially distinct
regions (Haller, 2015). One example of an LCS is the Fi-
nite Time Lyapunov Exponent (FTLE) field (Shadden et al.,
2005). In steady flows, the mass flux perpendicular to an FTLE
ridge is negligibly small. Ridges of the FTLE field are there-
fore suitable candidates for mean flow transport boundaries
in urban canopy flows, because they define two-dimensional
manifolds (surfaces) with approximately zero mean scalar flux
across them.

In this work, we use MRI measurements to quantify the
3D topology of transport boundaries in a realistic urban canopy
model. Transport boundaries are extracted as ridges of the
FTLE field and compared to measurements of passive scalar
dispersion through the canopy.

URBAN CANOPY DATA
Experimental Methods

Experiments are performed on a 1:2206 scale model of
the Oklahoma City downtown business district circa 2003
based on the JU2003 field tests. The test section was 3D
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